(J Am Heart Assoc.2019;8:e011814 DOI: 10.1161/JAHA.118.011814.)30922150

Clinical PerspectiveWhat Is New?Hyperkalemia is a known risk factor for mortality among critically ill patients and cardiac patients. This is the first study investigating the generalizability of this knowledge to the new and emerging cardiac intensive care unit population.Hyperkalemia had a correlation with in‐hospital and postdischarge mortality that remained after adjustment for illness severity and could be used in risk stratification among patients both in‐hospital and after discharge in cardiac intensive care unit patients.What Are the Clinical Implications?Assessment of admission potassium in the cardiac intensive care unit can provide valuable information to guide triage of patients, resource allocation, and identification of high‐risk patients.The results of this study, coupled with further research regarding the generalizability of known risk indicators among critically ill patients admitted to the cardiac intensive care unit, can provide evidence to guide the use of modern risk scores in this unique population.

Introduction {#jah33994-sec-0008}
============

Prior studies in patients with acute and chronic cardiovascular disease have demonstrated a U‐shaped association between admission potassium levels and mortality in hospitalized patients with heart failure (HF) or myocardial infarction,[1](#jah33994-bib-0001){ref-type="ref"}, [2](#jah33994-bib-0002){ref-type="ref"} as well as among general intensive care unit patients.[3](#jah33994-bib-0003){ref-type="ref"}, [4](#jah33994-bib-0004){ref-type="ref"} Among patients with acute myocardial infarction, studies have consistently identified hyperkalemia as a predictor of higher mortality; there is less agreement regarding the relationship between hypokalemia and death.[2](#jah33994-bib-0002){ref-type="ref"} While many prior studies in acutely ill cardiac patients have focused on a specific primary admission diagnosis, contemporary cardiac intensive care unit (CICU) patients often present with undifferentiated and/or mixed disease states. Due to the changing characteristics of the CICU population, there is a need to reevaluate previously published information regarding risk predictors in the modern CICU.[5](#jah33994-bib-0005){ref-type="ref"}, [6](#jah33994-bib-0006){ref-type="ref"}

To our knowledge, the relationship between potassium levels and outcomes has not been previously examined among unselected CICU patients. This study sought to determine the association of abnormal admission potassium levels with short‐ and long‐term mortality among unselected CICU patients and whether this association was affected by the discharge diagnosis. We hypothesized that abnormal potassium levels, particularly hyperkalemia, would be associated with higher in‐hospital mortality among CICU patients.

Methods {#jah33994-sec-0009}
=======

The authors declare that all supporting data are available within the article and its online supplementary files, and additional data, analytic methods, and study materials will not be made available to other researchers.

Participants {#jah33994-sec-0010}
------------

This study was approved by the Mayo Clinic Institutional Review Board and was exempt from informed consent because of the minimal risk posed to enrolled patients. This is a historical cohort analysis using an institutional database of adult patients (≥18 years old) admitted to the CICU at Mayo Clinic Hospital between January 1, 2007, and December 31, 2015, as previously described.[5](#jah33994-bib-0005){ref-type="ref"} The CICU at Mayo Clinic serves critically ill medical patients with acute and chronic cardiovascular disease and does not routinely admit patients after cardiac surgery. Patients were identified from archived electronic health records.[7](#jah33994-bib-0007){ref-type="ref"} Patients who were readmitted to the CICU had only their first admission included in the analysis. We excluded patients who remained hospitalized on December 31, 2015, and those without admission potassium values. In compliance with Minnesota state law statute 144.295, patients who did not provide Minnesota Research Authorization were also excluded from the study.

Definitions {#jah33994-sec-0011}
-----------

The admission potassium level was defined as the potassium value closest to CICU admission, either before or after the time of CICU admission. The highest and lowest potassium values during the CICU stay were also recorded. Serum potassium levels were the default, but plasma or whole blood potassium values were substituted if serum potassium was not available. For the primary analysis, patients were grouped based on admission potassium level as follows: normokalemia (admission potassium 3.5--4.9 mEq/L), hypokalemia (admission potassium \<3.5 mEq/L), and hyperkalemia (admission potassium ≥5.0 mEq/L).[8](#jah33994-bib-0008){ref-type="ref"} For the secondary analysis, patients were classified based on the highest and lowest potassium levels during the CICU stay into hypokalemia (lowest potassium \<3.5 mEq/L), hyperkalemia (highest potassium ≥5.0 mEq/L), and normokalemia (lowest potassium ≥3.5 mEq/L and highest potassium \<5.0 mEq/L) groups. Discharge diagnoses were determined using the review of hospital *International Classification of Diseases, Ninth Revision* (*ICD‐9*) diagnosis codes. Among patients who had not previously undergone dialysis, acute kidney injury (AKI) in the CICU was defined using Kidney Disease: Improving Global Outcomes stages based on serum creatinine, as an increase in serum creatinine ≥0.3 mg/dL or by 50% in the CICU from either the baseline creatinine or the hospital admission creatinine (whichever was lower).[9](#jah33994-bib-0009){ref-type="ref"} Severe AKI was defined as Kidney Disease: Improving Global Outcomes stage 2 or 3 AKI (ie, doubling of serum creatinine or increase in serum creatinine to ≥4.0 mg/dL or new dialysis initiation in the CICU); when AKI patients did not meet criteria for severe AKI, they were considered to have mild to moderate AKI.[9](#jah33994-bib-0009){ref-type="ref"} Baseline creatinine was considered to be the latest creatinine within 1 year before the index hospital admission.

Collected Data {#jah33994-sec-0012}
--------------

Laboratory results, patient demographics, and discharge diagnoses were collected. The Sequential Organ Failure Assessment and Acute Physiology and Chronic Health Evaluation (APACHE)‐III scores along with APACHE predicted mortality were automatically generated using electronic medical record data during the first 24 hours of CICU admission; missing variables were imputed as normal as the default.[10](#jah33994-bib-0010){ref-type="ref"}, [11](#jah33994-bib-0011){ref-type="ref"}, [12](#jah33994-bib-0012){ref-type="ref"} The mean value of all daily Sequential Organ Failure Assessment scores during the first week in the CICU was calculated; for patients remaining in the CICU for \<1 week, this was calculated as the mean of all daily Sequential Organ Failure Assessment values for those days the patient was in the CICU. Baseline comorbid conditions and the Charlson Comorbidity Index were electronically derived.[13](#jah33994-bib-0013){ref-type="ref"} Length of stay in the CICU and hospital, hospital disposition, and all‐cause in‐hospital mortality were identified via review of electronic medical records or notification of patient death.[5](#jah33994-bib-0005){ref-type="ref"}, [14](#jah33994-bib-0014){ref-type="ref"} Follow‐up was performed via electronic chart review on February 1, 2018.

Statistical Analysis {#jah33994-sec-0013}
--------------------

The primary study end point was all‐cause in‐hospital mortality, and the secondary study end points were all‐cause CICU mortality and all‐cause postdischarge mortality. Groups were compared using ANOVA for continuous variables and chi‐square tests for categorical variables. Cochran‐Armitage trend tests were used to determine trends in categorical variables across groups. Predictors of in‐hospital mortality were identified using univariate logistic regression, which was followed by multivariate logistic regression using backward stepwise variable selection (*P*\<0.25 to enter the model, *P*\>0.1 to leave the model). A continuous propensity score (range, 0--1) was developed using multivariate logistic regression to predict hyperkalemia on admission; multivariate logistic regression to predict in‐hospital mortality was repeated using this propensity score. Postdischarge survival between groups was assessed using Kaplan--Meier analysis, with groups compared using the log‐rank test. Predictors of in‐hospital mortality were included in a Cox proportional hazards model to determine predictors of postdischarge survival among hospital survivors. *P*\<0.05 was considered statistically significant. Analyses were performed using JMP 13.0 Pro (SAS Institute, Cary, NC). Jacob C. Jentzer had full access to all data in this study and takes responsibility for data integrity and statistical analysis.

Results {#jah33994-sec-0014}
=======

We screened 12 904 CICU admissions and excluded 2900 patients who met the initial exclusion criteria for the study cohort, including 1877 readmissions, 755 patients with no Minnesota Research Authorization, and 268 patients admitted outside of the study period. Of the remaining 10 004 potentially eligible patients, we excluded an additional 323 (3.2%) who did not have an available admission potassium level measurement, yielding a final study population of 9681 patients (Figure [S1](#jah33994-sup-0001){ref-type="supplementary-material"}). The mean age of included patients was 67±15 years, with 3629 (36%) females. Baseline characteristics of the study population grouped by admission serum potassium level are listed in Table [1](#jah33994-tbl-0001){ref-type="table"}. The mean admission potassium level was 4.3±0.6, and the median admission potassium level was 4.2 (interquartile range, 3.9, 4.6). Hyperkalemia was present on admission in 1187 (12.3%), and hypokalemia was present on admission in 719 (7.4%). Admission potassium level was \<3.0 mEq/L in 121 (1.2%) patients and ≥6 mEq/L in 175 (1.8%) patients. Patients with hypokalemia or hyperkalemia differed from patients with normokalemia regarding illness severity, renal function, diagnoses, and comorbidities (Table [1](#jah33994-tbl-0001){ref-type="table"}). Patients with either hypokalemia or hyperkalemia had higher illness severity including higher rates of AKI in the CICU. Patients with hyperkalemia had worse renal function on admission and more frequently had a prior history of chronic kidney disease (CKD) or diabetes mellitus.

###### 

Baseline Characteristics, Discharge Diagnoses, and Provided Therapies for Patients With Normokalemia (Admission Potassium Level 3.5--4.9 mEq/L), Hypokalemia (Admission Potassium Level \<3.5 mEq/L) and Hyperkalemia (Admission Potassium Level ≥5.0 mEq/L)

  Variable                            Normokalemia (n=7775)   Hypokalemia (n=719)   Hyperkalemia (n=1187)   *P* Value
  ----------------------------------- ----------------------- --------------------- ----------------------- -----------
  Demographics                                                                                              
  Age, y                              67.2±15.2               66.7±15.3             69.7±14.4               \<0.0001
  Female                              37.1%                   46.0%                 35.4%                   \<0.0001
  White race                          92.6%                   90.1%                 92.1%                   0.0530
  Body mass index                     29.5±6.8                29.0±7.0              30.4±8.1                \<0.0001
  Comorbidities                                                                                             
  Charlson comorbidity index          2.2±2.5                 2.2±2.5               3.4±2.9                 \<0.0001
  History of myocardial infarction    19.8%                   16.2%                 23.1%                   0.0011
  History of heart failure            18.8%                   18.4%                 27.3%                   \<0.0001
  History of stroke                   11.8%                   13.7%                 14.6%                   0.0131
  History of chronic kidney disease   18.4%                   17.6%                 36.5%                   \<0.0001
  History of diabetes mellitus        26.7%                   25.6%                 42.9%                   \<0.0001
  History of cancer                   20.9%                   20.5%                 24.8%                   0.0080
  History of lung disease             18.7%                   17.9%                 25.8%                   \<0.0001
  Prior dialysis                      4.4%                    4.3%                  16.0%                   \<0.0001
  Discharge diagnoses                                                                                       
  Cardiogenic shock                   6.9%                    15.0%                 14.9%                   \<0.0001
  Acute coronary syndrome             44.4%                   40.2%                 34.6%                   \<0.0001
  Coronary artery disease             62.0%                   59.2%                 54.1%                   \<0.0001
  Atrial fibrillation                 30.3%                   36.3%                 40.3%                   \<0.0001
  Ventricular fibrillation            4.6%                    13.8%                 3.7%                    \<0.0001
  Ventricular tachycardia             13.5%                   15.9%                 11.3%                   0.0156
  Heart failure                       36.9%                   43.4%                 51.9%                   \<0.0001
  Cardiac arrest                      6.8%                    18.4%                 10.3%                   \<0.0001
  ESRD                                2.8%                    2.9%                  8.8%                    \<0.0001
  Sepsis during hospitalization       15.1%                   27.0%                 24.9%                   \<0.0001
  AKI in CICU                         53.2%                   34.7%                 61.8%                   \<0.0001
  Severe AKI in CICU                  20.4%                   10.4%                 24.4%                   \<0.0001
  Inpatient procedure                                                                                       
  Inpatient coronary angiogram        54.4%                   53.3%                 40.8%                   \<0.0001
  Inpatient PCI                       35.9%                   31.7%                 27.2%                   \<0.0001
  Invasive ventilation                33.0%                   13.8%                 23.2%                   \<0.0001
  Noninvasive ventilation             18.1%                   13.8%                 22.8%                   \<0.0001
  Vasoactive drugs                    22.3%                   39.9%                 34.6%                   \<0.0001
  \>1 vasoactive drug                 10.2%                   21.8%                 17.6%                   \<0.0001
  Use of inotropes                    8.7%                    14.7%                 11.3%                   \<0.0001
  Use of vasopressors                 18.3%                   35.3%                 31.8%                   \<0.0001
  Dialysis in CICU                    4.1%                    6.4%                  9.5%                    \<0.0001
  IABP in CICU                        8.4%                    13.6%                 8.4%                    \<0.0001
  PAC in CICU                         7.2%                    9.6%                  7.6%                    0.0651
  Transfusion in CICU                 10.8%                   19.9%                 15.9%                   \<0.0001
  Severity of illness scores                                                                                
  APACHE‐III score                    58.9±23.6               69.4±28.8             75.5±27.3               \<0.0001
  Day 1 SOFA score                    3.3±3.0                 4.9±3.7               5.3±3.7                 \<0.0001
  Mean week 1 SOFA                    2.8±2.5                 3.9±3.0               4.4±3.2                 \<0.0001
  Length of stay                                                                                            
  CICU LOS                            2.5±4.8                 3.1±4.1               2.8±3.8                 0.0003
  Hospital LOS                        7.9±13.5                10.1±14.6             8.6±10.8                \<0.0001
  Admission laboratory values                                                                               
  Admission potassium level           4.2±0.4                 3.2±0.3               5.5±0.5                 \<0.0001
  Admission sodium level              138.1±4.1               137.9±5.3             136.1±5.4               \<0.0001
  Admission bicarbonate               24.1±4.1                23.8±5.5              22.7±5.3                \<0.0001
  Admission creatinine level          1.25±0.90               1.21±1.06             2.24±1.92               \<0.0001
  Admission BUN level                 24.5±16.6               24.3±18.3             41.9±24.8               \<0.0001
  Admission glucose level             145.7±65.8              178.7±94.5            165.6±87.7              \<0.0001

Data represented as % or mean±standard deviation. *P* value is for chi‐squared test (categorical variables) or analysis of variance (continuous variables) between groups. AKI indicates acute kidney injury; APACHE, Acute Physiology and Chronic Health Evaluation; BMI, body mass index; BUN, blood urea nitrogen; CICU, cardiac intensive care unit; ESRD, end‐stage renal disease; IABP, intra‐aortic balloon pump; LOS, length of stay; PAC, pulmonary artery catheter; PCI, percutaneous coronary intervention; SOFA, Sequential Organ Failure Assessment.

In‐hospital mortality occurred in 866 (8.9%) patients, including 542 (5.6%) CICU deaths. Admission potassium level was positively associated with in‐hospital mortality (unadjusted odds ratio \[OR\], 1.46 per 1 mEq/L increase; 95% CI, 1.32--1.61; *P*\<0.001). Compared with normokalemic patients, both hyperkalemic (unadjusted OR, 2.85; 95% CI, 2.40--3.39; *P*\<0.001) and hypokalemic patients (unadjusted OR, 2.31; 95% CI, 1.85--2.88; *P*\<0.001) were at increased risk of in‐hospital mortality (Table [2](#jah33994-tbl-0002){ref-type="table"}). When separated on the basis of presence or absence of HF and the presence or absence of acute coronary syndrome (ACS), patients with hyperkalemia or hypokalemia continued to demonstrate an increased risk of in‐hospital mortality compared with patients with normokalemia (Table [2](#jah33994-tbl-0002){ref-type="table"}). More than 20% of the patients with an admission potassium level \<3.0 mEq/L died in the hospital, as did \>25% of the patients with an admission potassium level ≥6.0 mEq/L.

###### 

Unadjusted Odds Ratio (95% CI) Values for Hospital Mortality Using Logistic Regression for Hypokalemia and Hyperkalemia (Relative to Normokalemia) in Various Patient Subgroups

  Group                      Hypokalemia                                                Hyperkalemia
  -------------------------- ---------------------------------------------------------- ----------------------------------------------------------
  Overall population         2.85 (2.40--3.39)[a](#jah33994-note-0004){ref-type="fn"}   2.31 (1.9--2.88)[a](#jah33994-note-0004){ref-type="fn"}
  Patients with ACS          3.22 (2.29--4.51)[a](#jah33994-note-0004){ref-type="fn"}   3.02 (2.24--4.07)[a](#jah33994-note-0004){ref-type="fn"}
  Patients without ACS       1.81 (1.35--2.44)[a](#jah33994-note-0004){ref-type="fn"}   2.65 (2.14--3.27)[a](#jah33994-note-0004){ref-type="fn"}
  Patients with HF           1.52 (1.08--2.14)[a](#jah33994-note-0004){ref-type="fn"}   2.10 (1.66--2.67)[a](#jah33994-note-0004){ref-type="fn"}
  Patients without HF        3.15 (2.35--4.24)[a](#jah33994-note-0004){ref-type="fn"}   3.49 (2.71--4.49)[a](#jah33994-note-0004){ref-type="fn"}
  Patients with CKD          1.81 (1.11--2.96)[a](#jah33994-note-0004){ref-type="fn"}   1.86 (1.38--2.51)[a](#jah33994-note-0004){ref-type="fn"}
  Patients without CKD       2.50 (1.95--3.22)[a](#jah33994-note-0004){ref-type="fn"}   3.23 (2.61--3.99)[a](#jah33994-note-0004){ref-type="fn"}
  Patients without AKI       2.37 (1.49--3.77)[a](#jah33994-note-0004){ref-type="fn"}   3.57 (2.46--5.18)[a](#jah33994-note-0004){ref-type="fn"}
  Patients with AKI          1.49 (1.10--2.01)[a](#jah33994-note-0004){ref-type="fn"}   1.87 (1.48--2.35)[a](#jah33994-note-0004){ref-type="fn"}
  Patients with mild AKI     1.93 (1.30--2.88)[a](#jah33994-note-0004){ref-type="fn"}   2.38 (1.75--3.24)[a](#jah33994-note-0004){ref-type="fn"}
  Patients with severe AKI   0.95 (0.60--1.52)                                          1.22 (0.86--1.73)

ACS indicates acute coronary syndrome; AKI, acute kidney injury; CKD, chronic kidney disease; HF, heart failure.

*P*\<0.05.

A U‐shaped relationship was observed between admission potassium level and both CICU and in‐hospital mortality (Figure [1](#jah33994-fig-0001){ref-type="fig"}). This U‐shaped relationship was also present in patients with and without ACS (Figure [2](#jah33994-fig-0002){ref-type="fig"}A) and in patients with and without HF (Figure [2](#jah33994-fig-0002){ref-type="fig"}B). The admission potassium level associated with the lowest in‐hospital mortality in the overall population was 4.0 to 4.4 mEq/L (Figure [1](#jah33994-fig-0001){ref-type="fig"}). The admission potassium level associated with the lowest in‐hospital mortality for patients with and without ACS (Figure [2](#jah33994-fig-0002){ref-type="fig"}A) and patients without HF (Figure [2](#jah33994-fig-0002){ref-type="fig"}B) was 4.0 to 4.4 mEq/L, but the admission potassium level associated with the lowest in‐hospital mortality for patients with a diagnosis of HF was 3.5 to 3.9 mEq/L (Figure [2](#jah33994-fig-0002){ref-type="fig"}B).

![CICU and hospital mortality as a function of admission potassium level. CICU indicates cardiac intensive care unit.](JAH3-8-e011814-g001){#jah33994-fig-0001}

![Hospital mortality as a function of admission potassium level in patients with and without ACS (**A**), HF (**B**), AKI (**C**), and CKD (**D**). *P*\<0.0001 for all trends, except for patients with severe AKI (*P*=0.59). ACS indicates acute coronary syndrome; AKI, acute kidney injury; CKD, chronic kidney disease; HF, heart failure.](JAH3-8-e011814-g002){#jah33994-fig-0002}

AKI in the CICU was present in 39.0% of the 8900 patients with available data to determine the presence of AKI, including 12.6% with severe AKI. There was a graded relationship between AKI severity in the CICU and increasing prevalence of both hypokalemia and hyperkalemia (both *P*\<0.001). A U‐shaped relationship between admission potassium level and in‐hospital mortality was seen for patients with and without AKI in the CICU, although this relationship was present only for patients without severe AKI (Figure [2](#jah33994-fig-0002){ref-type="fig"}C). Patients with either mild or no AKI had an increased risk of in‐hospital mortality in the presence of either hypokalemia or hyperkalemia, but this relationship was not seen for patients with severe AKI (Table [2](#jah33994-tbl-0002){ref-type="table"}). Patients with and without CKD similarly displayed a U‐shaped relationship between admission potassium level and in‐hospital mortality (Figure [2](#jah33994-fig-0002){ref-type="fig"}D). Among patients with or without CKD, those with hypokalemia or hyperkalemia were at increased risk of in‐hospital mortality (Table [2](#jah33994-tbl-0002){ref-type="table"}).

After adjustment for demographics, admission renal function, CICU therapies and illness severity using multivariate regression (Table [3](#jah33994-tbl-0003){ref-type="table"}), admission hyperkalemia was associated with an increased risk of in‐hospital mortality compared with normokalemia (adjusted OR, 1.44; 95% CI, 1.11--1.87; *P*=0.006); hypokalemia was not associated with in‐hospital mortality (*P*\>0.1). After adjusting this multivariate regression model using the propensity score for predicting admission hyperkalemia, the presence of admission hyperkalemia remained associated with higher in‐hospital mortality compared with normokalemia (adjusted OR, 1.43; 95% CI, 1.11--1.86; *P*=0.006).

###### 

Predictors of Hospital Mortality on Multivariate Logistic Regression and Predictors of Postdischarge Mortality on Cox Proportional Hazards Analysis (Among 8815 Hospital Survivors)

  Variable                        Logistic Regression                                        Cox Proportional Hazards                                                                                     
  ------------------------------- ---------------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------- -------------------------------------------------
  Age                             1.02 (1.02--1.03)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}   1.04 (1.03--1.04)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}
  Female sex                      1.12 (0.91--1.37)                                          0.2863                                            1.03 (0.96--1.11)                                          0.3958
  Mean week 1 SOFA                1.59 (1.52--1.67)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}   1.14 (1.11--1.16)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}
  Admission blood urea nitrogen   1.01 (1.01--1.02)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}   1.01 (1.01--1.01)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}
  Admission creatinine            0.77 (0.63--0.93)[a](#jah33994-note-0006){ref-type="fn"}   0.0072[a](#jah33994-note-0006){ref-type="fn"}     0.92 (0.85--1.00)[a](#jah33994-note-0006){ref-type="fn"}   0.0463[a](#jah33994-note-0006){ref-type="fn"}
  Chronic kidney disease          0.61 (0.46--0.82)[a](#jah33994-note-0006){ref-type="fn"}   0.0010[a](#jah33994-note-0006){ref-type="fn"}     1.01 (0.91--1.11)                                          0.9204
  Diabetes mellitus               0.74 (0.58--0.93)[a](#jah33994-note-0006){ref-type="fn"}   0.0110[a](#jah33994-note-0006){ref-type="fn"}     0.99 (0.91--1.07)                                          0.7802
  Charlson comorbidity index      1.11 (1.07--1.16)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}   1.15 (1.13--1.17)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}
  Cardiac arrest                  5.18 (4.00--6.71)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}   0.82 (0.69--0.97)[a](#jah33994-note-0006){ref-type="fn"}   0.0239[a](#jah33994-note-0006){ref-type="fn"}
  End‐stage renal disease         0.95 (0.46--1.96)                                          0.8893                                            0.85 (0.61--1.17)                                          0.3168
  AKI in CICU                     1.17 (0.92--1.48)                                          0.2020                                            1.21 (1.11--1.32)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}
  Dialysis in CICU                2.00 (1.56--2.96)[a](#jah33994-note-0006){ref-type="fn"}   0.0005[a](#jah33994-note-0006){ref-type="fn"}     2.16 (1.81--2.57)[a](#jah33994-note-0006){ref-type="fn"}   \<0.0001[a](#jah33994-note-0006){ref-type="fn"}
  Invasive ventilator             0.74 (0.56--0.97)[a](#jah33994-note-0006){ref-type="fn"}   0.0303[a](#jah33994-note-0006){ref-type="fn"}     0.93 (0.82--1.06)                                          0.2575
  Vasoactive drugs                                                                                                                                                                                        
  One vs none                     1.12 (0.85--1.47)                                          0.4235                                            1.00 (0.89--1.11)                                          0.9762
  \>1 vs none                     1.70 (1.29--2.25)[a](#jah33994-note-0006){ref-type="fn"}   0.0002[a](#jah33994-note-0006){ref-type="fn"}     0.95 (0.83--1.10)                                          0.5023
  \>1 vs one                      1.52 (1.14--2.03)[a](#jah33994-note-0006){ref-type="fn"}   0.0043[a](#jah33994-note-0006){ref-type="fn"}     0.95 (0.82--1.11)                                          0.5348
  Potassium group                                                                                                                                                                                         
  Low vs normal                   1.06 (0.77--1.48)                                          0.7149                                            0.96 (0.83--1.10)                                          0.5184
  High vs normal                  1.44 (1.11--1.87)[a](#jah33994-note-0006){ref-type="fn"}   0.0058[a](#jah33994-note-0006){ref-type="fn"}     1.20 (1.08--1.34)[a](#jah33994-note-0006){ref-type="fn"}   0.0007[a](#jah33994-note-0006){ref-type="fn"}
  High vs low                     1.36 (0.92--2.00)                                          0.1239                                            1.26 (1.07--1.49)[a](#jah33994-note-0006){ref-type="fn"}   0.0065[a](#jah33994-note-0006){ref-type="fn"}

Unit odds ratio (OR) values are shown for logistic regression and hazard ratio (HR) values are shown for Cox proportional‐hazards analysis, with 95% CI. AKI indicates acute kidney injury; CICU, cardiac intensive care unit; SOFA, Sequential Organ Failure Assessment.

Significant OR and HR values (*P*\<0.05).

At least 1 potassium level during the CICU stay was available for 9499 (98.1%) patients. Patient with hypokalemia (lowest potassium level \<3.5 mEq/L, n=1662) during the CICU stay were at increased risk of unadjusted in‐hospital mortality (17.2% versus 7.0%; unadjusted OR, 2.78; 95% CI, 2.38--3.24; *P*\<0.001), as were patients with hyperkalemia (highest potassium level ≥5.0 mEq/L, n=1901) during the CICU stay (21.4% versus 5.6%; unadjusted OR, 4.60; 95% CI, 3.97--5.33; *P*\<0.001). Patients with both hypokalemia and hyperkalemia during the CICU stay (n=333; 3.5%) had the highest CICU mortality (24.0%) and in‐hospital mortality (33.0%), as shown in Figure [S2](#jah33994-sup-0001){ref-type="supplementary-material"}. An increase in CICU and in‐hospital mortality was observed as a function of the highest potassium level during the CICU stay (Figure [3](#jah33994-fig-0003){ref-type="fig"}A); patients with a maximum potassium level \<3.5 mEq/L in CICU were at increased risk of mortality. The highest potassium level during the CICU stay was a predictor of in‐hospital mortality (unadjusted OR, 2.71 per 1 mEq/L increase; 95% CI, 2.46--2.98; *P*\<0.001), with an optimal cutoff of 4.9 mEq/L by receiver operating characteristic analysis. An increase in CICU and in‐hospital mortality was observed as a function of the lowest potassium level during the CICU stay (Figure [3](#jah33994-fig-0003){ref-type="fig"}B); patients with a minimum potassium level ≥5.0 mEq/L in CICU were at increased risk of mortality. The lowest potassium level during the CICU stay was a predictor of in‐hospital mortality (unadjusted OR, 0.70 per 1 mEq/L decrease; 95% CI, 0.61--0.80; *P*\<0.001), with an optimal cutoff of 3.5 mEq/L by receiver operating characteristic analysis. In addition, the potassium range (maximum potassium level−minimum potassium level) during the CICU stay was higher among patients who died in the hospital (1.2 versus 0.6 mEq/L; *P*\<0.001), and the potassium range was positively associated with in‐hospital mortality (unadjusted OR, 2.53 per 1 mEq/L; 95% CI, 2.32--2.75; *P*\<0.001).

![CICU and hospital mortality as a function of the highest (**A**) and lowest (**B**) potassium level during the CICU stay for the overall population. *P*\<0.001 for trends. CICU indicates cardiac intensive care unit.](JAH3-8-e011814-g003){#jah33994-fig-0003}

Of 8815 hospital survivors, a total of 5266 (59.7%) died during a mean follow‐up of 3.4±2.9 years; 1235 (14.0%) patients had a follow‐up duration of \<1 year. Among hospital survivors, patients with admission hyperkalemia had lower postdischarge survival than patients with hypokalemia or normokalemia on Kaplan--Meier analysis (Figure [4](#jah33994-fig-0004){ref-type="fig"} *P*\<0.001); patients with hypokalemia and normokalemia had similar postdischarge survival (*P*\>0.1). Using Cox proportional hazards analysis adjusting for demographics, renal function, CICU therapies, and illness severity (Table [3](#jah33994-tbl-0003){ref-type="table"}), patients with admission hyperkalemia were at increased risk of postdischarge mortality compared with either normokalemia (adjusted HR, 1.20; 95% CI, 1.08--1.34; *P*\<0.001) or hypokalemia (adjusted OR, 1.26; 95% CI, 1.07--1.49; *P*=0.006); hypokalemia was not associated with higher postdischarge mortality. Admission hyperkalemia remained a significant predictor of postdischarge survival (*P*\<0.05) after inclusion of the propensity score in the Cox proportional hazards model.

![Kaplan--Meier survival curves for hospital survivors as a function of admission potassium levels. *P*\<0.001 for comparison between patients with hyperkalemia and other groups; *P*\>0.1 for comparison between hypokalemia and normokalemia.](JAH3-8-e011814-g004){#jah33994-fig-0004}

Discussion {#jah33994-sec-0015}
==========

This is the first study to evaluate the association between mortality and hyperkalemia in a large cohort of unselected contemporary CICU patients. We observed a U‐shaped relationship between admission potassium level and unadjusted in‐hospital mortality that was present in the general CICU population, including patients with or without a discharge diagnosis of ACS or HF, patients with or without a history of CKD and patients with or without AKI. Patients with either hypokalemia or hyperkalemia were found to be more critically ill, with a higher prevalence of critical care diagnoses and greater use of CICU therapies reflecting cardiopulmonary instability. After adjustment for illness severity and other factors, hyperkalemia (admission potassium ≥5.0 mEq/L) remained associated with higher in‐hospital mortality; this relationship was not observed with hypokalemia. Hospital survivors with hyperkalemia on CICU admission demonstrated lower adjusted postdischarge survival compared with those with either hypokalemia or normokalemia. Importantly, our results suggest that in this population, even mild hyperkalemia during the CICU stay is associated with increased mortality, while patients with more severe hyperkalemia had markedly higher in‐hospital mortality rates. Given the higher illness severity among CICU patients with abnormal potassium levels, we hypothesize that hyperkalemia acts as a risk marker in a manner complementary to current risk stratification methods.

Prior studies have demonstrated a U‐shaped relationship between potassium level and mortality in a variety of patient populations.[1](#jah33994-bib-0001){ref-type="ref"}, [2](#jah33994-bib-0002){ref-type="ref"}, [3](#jah33994-bib-0003){ref-type="ref"}, [15](#jah33994-bib-0015){ref-type="ref"}, [16](#jah33994-bib-0016){ref-type="ref"}, [17](#jah33994-bib-0017){ref-type="ref"}, [18](#jah33994-bib-0018){ref-type="ref"} Colombo et al[2](#jah33994-bib-0002){ref-type="ref"} performed a meta‐analysis of 12 studies examining the relationship between serum potassium levels and mortality in 60 547 patients with acute myocardial infarction, demonstrating higher short‐ and long‐term mortality in patients with serum potassium \<3.5 or ≥4.5 mEq/L. Similarly, patients with hypokalemia in our study had higher unadjusted in‐hospital mortality, although we did not find an association between hypokalemia and adjusted in‐hospital mortality or postdischarge mortality. Younis et al[1](#jah33994-bib-0001){ref-type="ref"} noted an independent association between admission potassium levels \>5.5 mEq/L and long‐term mortality in 4031 patients hospitalized with HF. These data support an association between hyperkalemia (admission serum potassium ≥5 mEq/L) with higher adjusted in‐hospital and postdischarge mortality in a broad spectrum of acutely ill cardiac patients. We also observed a positive association between potassium variability (based on the maximum and minimum potassium levels) and in‐hospital mortality.

Hypokalemia was associated with higher rates of ventricular arrhythmias in the meta‐analysis by Colombo et al.[2](#jah33994-bib-0002){ref-type="ref"} In our study, patients with hypokalemia more frequently had discharge diagnoses of arrhythmias, including AF, VT, and VF. The Colombo et al[2](#jah33994-bib-0002){ref-type="ref"} systematic review suggested an optimal serum potassium level of 3.5 to 4.4 mEq/L, reflecting disagreement amongst included studies. In our study, the lowest in‐hospital mortality was observed in patients with admission potassium 4 to 4.4 mEq/L, except in those with HF, in whom the lowest death rate was observed in patients with admission potassium levels between 3.5 and 3.9 mEq/L. While we found lower mortality in the majority of patients at an admission serum potassium level ≥4.0 mEq/L, these data do not allow specific recommendations to be made regarding target levels for potassium repletion.

Abnormal potassium levels (specifically \<3.5 and \>5.4 mEq/L) are included in the APACHE illness severity score for predicting in‐hospital mortality among intensive care unit patients.[4](#jah33994-bib-0004){ref-type="ref"} However, while the APACHE score defines hyperkalemia as a potassium level \>5.4 mEq/L, a study of 39 705 critically ill patients by McMahon et al[18](#jah33994-bib-0018){ref-type="ref"} observed higher 30‐day mortality among patients with serum potassium levels \>4.5 mEq/L at the time of critical care initiation. We noted significantly higher mortality among patients with serum potassium levels between 5.0 and 5.4 mEq/L, emphasizing the mortality hazard associated with mild hyperkalemia.[18](#jah33994-bib-0018){ref-type="ref"} McMahon et al[18](#jah33994-bib-0018){ref-type="ref"} found that potassium supplementation leading to hyperkalemia did not increase mortality, implying that hyperkalemia is likely indicative of underlying pathophysiology rather than being causally associated with mortality.

Although the association between hyperkalemia and adverse outcomes in this population may be explained by direct harmful effects of elevated potassium levels, we hypothesize that elevated potassium levels more likely serve as a marker to identify high‐risk patients with higher illness severity or more severe comorbidities. Potassium is essential for normal cardiac myocyte function including impulse conduction and coordinated myocardial contraction.[19](#jah33994-bib-0019){ref-type="ref"} As such, disturbances in potassium levels can predispose patients to arrhythmia, which may account for the increased mortality rate and more frequent arrhythmia diagnoses seen in our patients with hypokalemia and hyperkalemia.[19](#jah33994-bib-0019){ref-type="ref"}, [20](#jah33994-bib-0020){ref-type="ref"} However, we observed an increase in mortality at mildly elevated potassium levels below those usually associated with direct cardiac toxicity, indicating that arrhythmia alone is not the primary reason for the increase in mortality seen in our population.[21](#jah33994-bib-0021){ref-type="ref"} Our patients with hypokalemia and hyperkalemia had higher illness severity; patients with hyperkalemia also had worse renal function. This implies that potassium abnormalities identify sicker patients with increased risk of mortality, and the effects of hypokalemia on mortality appeared to be mediated primarily by illness severity. Hyperkalemia remained associated with higher short‐ and long‐term mortality after adjustment for illness severity and markers of renal function, implying that hyperkalemia may identify patients with more dangerous forms of renal dysfunction. Our observed relationships between AKI severity and the mortality effects of hyperkalemia may suggest that renal tubular potassium‐handling abnormalities leading to hyperkalemia could be more important as a determinant of outcomes than the effect of reduced clearance alone or could modify the effects of reduced clearance on outcomes; this would explain why patients with severe AKI (and therefore severely reduced clearance) did not demonstrate an association between admission potassium levels and in‐hospital mortality. Hyperkalemia may modify the safety or efficacy of standard guideline‐directed medical therapies for patients with HF or ACS such as angiotensin‐converting enzyme inhibitors, potentially contributing further to adverse outcomes.[22](#jah33994-bib-0022){ref-type="ref"}, [23](#jah33994-bib-0023){ref-type="ref"}, [24](#jah33994-bib-0024){ref-type="ref"}

As with all retrospective cohort studies, our study has several limitations, including the inability to establish a causal relationship between abnormal admission potassium and mortality and the potential for unmeasured residual confounding factors. This tertiary referral hospital CICU population may differ significantly from other populations, although the prevalence of ACS and HF diagnoses are similar to recent CICU studies.[25](#jah33994-bib-0025){ref-type="ref"} To facilitate early risk stratification, we focused on admission potassium levels, which included laboratory values from either before or after CICU admission, potentially contributing to data variability. The potassium levels we analyzed included serum, plasma, and whole blood values, which have different reference ranges and analytic techniques, and we were unable to determine which patients had potassium levels measured by which assay or the reasons that a different assay may have been used in each patient. While it remains possible that these differences in analytical technique could have influenced the observed relationship between potassium levels and mortality, the differences between the different potassium levels are relatively modest and unlikely to impact the results meaningfully. Furthermore, the rate and magnitude of change in potassium levels over time could have influenced the effects on outcomes, but we did not have preadmission potassium levels for comparison, nor did we have the time of the peak and nadir potassium levels to determine the rate of increase in its level. The secondary analysis evaluating maximum and minimum potassium levels during the CICU stay could potentially be confounded by mixing patients with low admission potassium levels and a normal maximum potassium level with patients whose potassium levels were normal at all times or mixing patients with high admission potassium levels and normal minimum potassium levels with patients whose potassium levels were normal at all times. Based on available data, we cannot determine the ways in which admission potassium levels could have influenced patient care. We specifically were not able to obtain data on medications administered while in the hospital, including potassium supplementation, guideline‐directed medical therapy, or treatments administered for hypokalemia. We do not have specific data on adverse events directly related to high or low potassium levels, including treatment‐emergent arrhythmias. The *ICD‐9* discharge diagnoses we obtained reflect all diagnoses from the hospitalization, including both acute and chronic conditions. Furthermore, despite careful multivariate adjustment, unmeasured confounding could remain to explain the observed associations between hyperkalemia and mortality.

Conclusions {#jah33994-sec-0016}
===========

Our study demonstrated a U‐shaped relationship between admission serum potassium levels and unadjusted mortality in unselected CICU patients, including relevant subgroups with ACS, HF, AKI, and CKD. After adjustment for illness severity and comorbidities (including renal function), hyperkalemia was associated with higher in‐hospital and postdischarge mortality, whereas hypokalemia was not. Elevated admission potassium levels only slightly above the upper limit of normal were associated with higher short‐ and long‐term mortality, emphasizing the importance of mild hyperkalemia as a predictor of adverse outcomes. This demonstrates that admission potassium levels may be a marker for illness severity that can help clinicians in prognostication and risk assessment in the CICU. The inconsistencies within the current literature regarding optimal potassium levels in acutely ill cardiac patients emphasize the need for future prospective studies examining electrolyte repletion protocol goals and optimal treatment of hyperkalemia in this population. Further study is needed to determine how abnormal potassium levels influence patient care and clinical outcomes in CICU patients, and how current risk indicators among general intensive care unit patients may or may not apply to the evolving CICU population.

Disclosures {#jah33994-sec-0017}
===========

None.

Supporting information
======================

###### 

**Figure S1.** STROBE flowchart of study population, demonstrating inclusion and exclusion criteria and study groups.

**Figure S2.** CICU and hospital mortality based on the presence of hyperkalemia (highest potassium level ≥5.0 mEq/L), hypokalemia (lowest potassium level \<3.5 mEq/L), both, or neither during the CICU stay.
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Click here for additional data file.
